Abstract. Learning and memory is an essential component of human intelligence. To understand its underlying molecular and neuronal mechanisms is currently an extensive focus in the field of cognitive neuroscience. We have employed advanced mouse genetic approaches to analyze the molecular and neuronal bases for learning and memory, and our results showed that brain region-specific genetic manipulations (including transgenic and knockout), inducible / reversible knockout, genetic / chemical kinase inactivation, and neuronal-based genetic approach are very powerful tools for studying the involvements of various molecules or neuronal substrates in the processes of learning and memory. Studies using these techniques may eventually lead to the understanding of how new information is acquired and how learned information is memorized in the brain.
Introduction
Learning can be defined as a neuronal process to encode environmental information into the brain while memory is a mental process to recall this learned information. The nature of learning and memory, or how people come to know and adapt to the environmental challenges, has been conceptually manifested from different disciplines over the past century. From the psychological viewpoint, the process for learning and memory can be divided into at least five different phases, including acquisition, consolidation, storage, forgetting, and retrieval (1 -3) . This memory-phase theory emphasizes the nature of time-dependency, or temporal feature, for the processes of learning and memory. Based on the studies of population genetics, there has been no doubt that human intelligence, including learning and memory, is voluntarily shaped by genetic variations (4, 5) . Up to the 50s of the last century, another milestone finding came from the studies on so-called patient H.M. (6) together with numerous clinical as well as experimental studies later on (7 -9) has demonstrated that different brain regions, such as the hippocampus or amygdala, may be involved in different learning and memory processes or in different types of memory. This neuroanatomical theory defines the nature of brain region-dependency, or spatial feature, for the processes of learning and memory. From the physiological viewpoint, synaptic plasticity, the capacity of neurons to change their efficiency in neuronal transmission in response to environmental stimulations, plays an essential role in memory formation (10, 11) . The most well studied form of synaptic plasticity is long-term potentiation (LTP) (12) , which is currently considered as a cellular model for memory (13, 14) . Form the viewpoint of neurochemistry, learning and memory can be substantially regulated by different neuronal signaling systems or different neurotransmitter systems such as the cholinergic and glutaminergic systems (15 -22) .
Although all these findings have provided us with great insights for our understanding of how learning and memory is processed in the brain, the role of genetic factors or a particular gene in these processes is very difficulty to define. Following the development of mouse genetic manipulation techniques during the early 1980's (23, 24) , the studies of the role of any gene of interest in governing various biological processes including behavioral ones such as learning and memory in the organisms became possible. Generally, genetic manipulation can be divided into the transgenic approach (also called gain-of-function approach), by which an exogenous gene is added to the body, and the knockout approach (also called loss-of-function approach), by which an endogenous gene is deleted. According to the principles of the knockout approach, as well as the mechanisms for gene transcription and translation, a knockdown approach, by which the expression level of a targeted gene is partially inhibited (25) , and a knock-in approach, by which an endogenous gene is replaced by another gene (26) , have been used broadly. Very recently, the small interference RNA (siRNA) technique has been developed to study in vivo gene function by interfering with or degrading the targeted mRNA so that the gene function is partially inactivated (27) . Without any doubt, the application of these approaches has led to revolutionary progress in the understanding of the role of genes in different biological and pathological events. However, all these approaches have shown significant limits in the studies of the roles of genes in cognitive behaviors such as learning and memory. This is because of the following three reasons: First, by using either the transgenic or conventional knockout approach, the genetic modification occurs in all the tissues (unless a specific promoter is used for the transgenic approach) and is present throughout ontogenesis to the whole life, which may result in many unexpected or unwanted changes, such as developmental deficits, genetic compensation (for gene deletion) or tolerance (for gene overexpression), and genetic redundancy. All these changes may dramatically complicate the interpretation of any observed phenotypes. Second, many cognitive functions are brain-regiondependent or neuronal system-dependent, and at the same time, these functions are significantly affected or shifted by many other factors, such as peripheral motor system. Genetic modification that affects all the tissues is not suitable to specifically investigate genes in a particular brain region or neuronal system in terms of their roles in governing behavioral response. Third, a cognitive behavioral process, such as learning and memory, is a time-dependent procedure. A temporally associative analysis is a fundamental way to precisely detect the roles of genes in these time-dependent processes. In order to overcome all these problems, we have used and developed conditional genetic manipulations in an attempt to more precisely understand the role of an individual gene in governing learning behaviors.
The use of region-specific transgenic approach in studies of learning and memory
As we know, the expression pattern of a gene of interest by using the transgenic approach is dependent on the promoter used. The promoter of the α-Ca 2+ calmodulin kinase-II (α-CaMKII) gene has been found to be able to drive its downstream gene expression in neurons all over the forebrain. In addition, the expression starts 2 -3 weeks postnatally (28), a time window that is crucial for the neuronal development in the rodents. Given these important features, together with the considerations of the important roles of both the forebrain and N-methyl-D-aspartate (NMDA) receptors during learning and memory, we decided to over-express the NR2B gene, a subunit of NMDA receptors, in neurons of the whole forebrain by using this promoter (18) . The choice of the NR2B subunit is based on the channel properties of different NMDA-receptor complexes. It has been shown that the NMDA-receptor complex with NR1 / NR2B exhibits a larger time window for channel opening, which promises longer excitatory postsynaptic potentials (EPSPs) and hence a higher capacity for synaptic plasticity, compared to those of the NR1/ NR2A complex. Indeed, in our study we have found that the total Ca 2+ transfer change in the hippocampal neurons from NR2B transgenic mice was 2 -3-fold higher than that of the neurons from wild-type mice. In addition, LTP in the CA-1 region is much higher in the transgenic mice than that in wild-type mice (18) . Very interestingly, learning and memory is significantly enhanced in these transgenic mice, compared to that in wild-type mice. We have used a battery of behavioral tasks and these tasks have revealed an overall enhancement in various kinds of memory, including visual cognition memory, fear-emotional memory, fearextinction learning, and spatial learning and memory. This study has for the first time demonstrated the utility of genetic manipulation to enhance learning and memory in mammals and provided insightful information for our understanding of how a genetic factor contributes to learning and memory.
The use of region-specific knockout approach in studies of learning and memory To understand the role of genes in neurons within a particular neuronal circuitry during memory formation is another key step for our efforts to understand how learning and memory is encoded in the brain. Although pharmacological and surgical approaches are widely used in this attempt, the obvious drawbacks in using these techniques have dramatically limited their reli-ability in analyzing the observed phenotypes. By employing a Cre / loxP recombination system, a special knockout strain, in which the knockout of the NMDA receptor occurs 2 -3 weeks postnatal and is only restricted to neurons of the hippocampal CA1 region, has been generated (19) . It has been demonstrated that either LTP at the Schaffer Collaterals-CA1 pathway or spatial learning and memory in these mutant mice is significantly impaired, indicating that the NMDA receptor in the CA1 region plays a crucial role in encoding hippocampal-dependent learning and memory (19) . In addition, we have further found that various nonspatial learning and memories are also impaired in these mutant mice (29) . It is well known that environmental enrichment in the rodent does not only lead to enhanced learning and memory, but also attenuates the memory deficits associated with hippocampal pathology (30) . However, the underlying molecular and neuronal bases for these effects are not yet clear. By using this special knockout model, we have demonstrated that an environmental enrichment is able to rescue non-spatial learning and memory deficits associated with CA1-specific NMDA receptor deletion (29) . Furthermore, we have found that this functional recovery is not related to the morphological changes associated with the environmental enrichment. These results have indicated that the effect of enrichment on behavioral response is at least not CA1 NMDA-receptor-dependent. This study has for the first time demonstrated that an environmental manipulation can compensate for genetic modificationcaused functional deficits in the brain. According to these results, a multiple-memory encoding system in the brain has been suggested. Further studies will be needed to address what is the molecular and neuronal basis for this multiple-memory encoding system. Currently, we are focusing on determining whether this multiple-memory encoding system is or is not dependent on NMDA-receptor function in other brain regions.
The use of region-specific and inducible/ reversible knockout approach in studies of learning and memory As described above, one of the unique feature for learning and memory is that the processes of learning and memory consist of different phases. Accumulating evidence has indicated that the difference between these different phases is not only on their time sequences, but also on their underlying molecular and neuronal substrates (3). Our previous studies have shown the crucial role of CA1 NMDA receptors function in learning and memory, but it is still not clear whether the NMDA receptor in the CA1 region plays a role in all the learning and memory processes or just in a particular memory phase. To investigate this issue, we have decided to generate a special mutant mouse strain, in which the knockout of the NR1 gene is both inducible / reversible and is restricted to neurons of the CA1 region (31) . By carefully characterizing these mutant mice, we have found that NMDA receptor in the CA1 region play a crucial role in acquisition and memory consolidation, but not in memory retrieval (31) . This approach has provided a powerful way to temporally associate gene expression in a tiny brain region with a behavioral response. This study has for the first time demonstrated a dynamic requirement of NMDA receptors in different memory processes and has provided us with insightful information for the understanding of how memory is encoded in the brain.
The use of genetic/ chemical kinase inactivation approach in studies of learning and memory
Although the inducible / reversible knockout approach described above is powerful, two drawbacks observed in this technique have limited its wide use. First, the strategy to generate this kind of mutant mice is too complicated for most laboratories, since we need to generate four independent mutant mouse strains in order to get the final knockout mice. Second, the timeresolution for inducible and reversible knockout is not very high. Generally, a treatment with the inducer lasting for 2 -3 days is required in order to inhibit the gene expression and a withdrawal of the inducer for 3 -5 days is required to restore the gene expression, which might not be sensitive enough for some temporally-associative analysis of behavioral response. To solve these problems, we have developed a novel genetic / chemical approach to inactivate the activities of any protein kinase at the protein level (32) . By using this approach, we have generated a special transgenic mouse strain, in which a mutant CaMKII gene is overexpressed in neurons of the forebrain. This mutation leads to a conformational change of the ATP binding pocket of the kinase so that not only the nature ATP ligand can bind to it and activate the kinase, but also a synthesized ATP inhibitor can bind to it but inhibit the activity of the kinase. Therefore, by treating the mice with or withdrawal of this inhibitor, we are able to switch off and on the activity of the protein kinase, respectively. Furthermore, because the ligand directly acts at the protein level, the time-resolution to inactivate and to restore the kinase activity is very high. Generally, a 5 -10-min treatment with the synthesized ATP inhibitor can completely inhibit the kinase activity and a couple of hours withdrawal of the inhibitor can restore the kinase activity. By taking this advantage, we have found that a stable level of CaMKII activities during learning and consolidation processes is required for normal memory formation. This study has for the first time validated a powerful approach in temporal analysis of protein kinase activity with behavioral processes.
The use of neuronal-based genetic approach in studies of learning and memory It has been recently demonstrated that new neurons are continuously generated in certain brain regions (33) in mammals. However, it is very difficult to evaluate the functional significance of these newly generated neurons in the brain, especially in relation to cognitive behaviors (34, 35) . This is because we are lacking of an approach to enable us to specifically activate and / or inactivate the neurogenesis in the brain during different behavioral responses. According to the essential role of presenilin-1 (PS1) in developmental and adult neurogenesis, we have employed PS1 as a genetic switch for neurogenesis to study the functional consequence of neurogenesis in relation to learning and memory. To this end, we have used a Cre / loxP recombination system to produce forebrain-specific PS1 knockout mice and have found that neurogenesis in the dentate gyrus of PS1 knockout mice is significantly impaired when these mice were subjected to an environmental enrichment, in comparison with their wild-type littermates (36) . Based on this special feature, we have found that newly generated neurons in the hippocampus play a role in old memory clearance. This study has for the first time demonstrated that neurogenesis in the dentate gyrus is functionally and dynamically associated with memory processes.
Future directions
Our studies have indeed indicated that the use of advanced mouse genetic manipulation techniques has provided us with a unique opportunity to comprehensively address many fundamental issues in cognitive neuroscience that are very difficult to study by using the traditional pharmacological or neurosurgical approaches. In our opinion, the following four directions will be the major efforts in the coming years. First, the community will continuously use the Cre / loxP recombination system to generate different conditional knockout mouse strains. The major challenge for this effort is to clone various specific promoters that are able to generate different brain region-specific or neuronal cell typespecific or different developmental stage-specific knockout mice. Second, to develop novel strategies that are able to generate inducible / reversible knockout mice will be the most important and urgent efforts for mouse behavioral geneticists. Third, to develop a novel strategy that is able to regulate the gene expression in vivo, but not physically knock out the genomic sequences in the organisms, will be a new orientation in the near future. Fourth, to comprehensively validate the siRNA system in the mouse will be valuable for producing functionrelated knockout / down mice.
